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SEMICONDUCTOR DEVICE HAVING
MULTIPLE WIRING LAYERS AND METHOD
OF PRODUCING THE SAME

CROSS REFERENCE TO RELATED
APPLICATIONS

This application 1s a divisional application of U.S. patent
application Ser. No. 11/565,3530, filed on Nov. 30, 2006,
which 1s a divisional and claims the benefit of priority under
35 U.S.C. §120 from U.S. application Ser. No. 10/166,757,
filed Jun. 12, 2002, and claims the benefit of priority under 35
U.S.C. §119 of Japanese Patent Application No. 2001-
1777005, filed on Jun. 12, 2001. The entire contents of these

applications are incorporated herein by reference.

BACKGROUND OF THE INVENTION

The present invention relates to a semiconductor device
with a wiring structure having interlayer-insulating films each
made of an insulating film with a low relative dielectric con-
stant, especially a porous film, and a method of producing this
type of semiconductor device.

Two major factors 1n delay 1n operation speed for large-
scale integrated circuits are delay 1n operation of transistors
themselves and delay (RC delay) in signals propagating,
through wirings.

Miniaturization and high integration of wirings and
devices affects recent advancement in semiconductor fabri-
cation process highlight the effects of RC delay rather than
delay 1n operation of transistors themselves. Protection
against RC delay promotes development of wiring materials
of a low resistivity and insulating films of a low relative
dielectric constant (called low-dielectric-constant imnsulating
films hereinatter).

One recent wiring material 1s copper (Cu) with resistivity
lower than a known wiring material aluminum (Al). Copper
requires a relatively high vapor pressure in etching, and hence
hard to be processed by reactive 10on etching with chloride gas
at a low vapor pressure. It 1s thus processed by damascene 1n
wiring formation.

Developed for low-dielectric-constant insulating films 1s
application of organic material-applied insulating films of a
low relative dielectric constant 1n the range from about 2.5 to
2.8 such as methyl siloxane to multi-layered wiring pro-
CEeSSes.

Also there are developed porous insulating films having
many nanometer-size pores. Porous insulating films can have
relative dielectric constant of 2.5 or smaller by lowering the
film density with pore-number adjustments. Use of porous
insulating films as mterlayer-insulating films 1n semiconduc-
tors with a multi-layered wiring structure protects against RC
delays.

Organic matenal-applied insulating films having a low
relative dielectric constant are, however, could sulfer degra-
dation or increase in hygroscopic property due to O, gas-
ashing in resist-peeling process, when used as interlayer-
insulating films 1n multi-layered wiring process. Insulating
films having a low relative dielectric constant could also
suifer clucks 1n etching process.

Moreover, porous 1sulating films could have a high rela-
tive dielectric constant due to permeation of etching gas and
chemical solution into pores generated 1n the porous insulat-
ing films, and suifer clucks or peeling-oil due to discharging
of the etching gas and chemical solution in post-thermal
Processes.
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A wiring-layer structure having interlayer-insulating films
may have several types in accordance with a width of each of
several wiring layers and a distance between adjacent wiring
layers. Such a wiring-layer structure has a tendency to have a
small width for each interlayer-insulating film provided lat-
crally as the width of each wiring layer becomes small. This
tendency 1s used for wiring-layer structure miniaturization.

One of the problems for such wiring-layer structure min-
1aturization 1s RC delay due to increase in parasitic capaci-
tance between wiring layers.

Several techmiques have been proposed for decreasing
parasitic capacitance between wiring layers to prevent
decrease 1n signal propagation speed and generation of cross-
talks between wiring layers with different relative dielectric
constants for interlayer-insulating films having a relatively
big inter-wiring distance and those having a relatively small
inter-wiring distance.

Japanese Patent No. 2910713 discloses a wiring-layer
structure having interlayer-insulating films of high mechani-
cal strength and also high moisture resistance in a wide wir-
ing-interval region and those of low relative dielectric con-
stant 1n a narrow wiring-interval region.

Japanese Unexamined Patent Publication No. 2000-49228
discloses a dual-damascene wiring-layer structure having a
first wide region 240 between metallized portions and a sec-
ond narrow region between metallized portions, made of a
dielectric material having a low dielectric constant.

Neither prior art, however, discloses isulating-film struc-
tures at different layer stages of a multi-layered wiring struc-
ture.

In detail, the latter prior art does not discuss any multi-
layered wiring structure. The former discloses a multi-lay-
ered wiring structure 1 FIGS. 1, 5 and 7, for example, how-
ever, only for production of a wide first interlayer-insulating
f1lm 4 and a narrow second interlayer-insulating film 3 at the
same layer stage. In other words, no discussion 1s made 1n the
former prior art on a relation between the wiring layers for a
lower-stage wiring 3 and an upper-stage wiring 10 and also
production of a lower-stage first interlayer-insulating film 4
and the corresponding upper-stage fourth interlayer-insulat-
ing film 11 and their relative dielectric constants.

SUMMARY OF THE INVENTION

A method of producing a semiconductor device having a
plurality of wiring layers according to the third aspect of the
present invention forms first interlayer-insulating film; forms
a plurality of grooves for wiring in the first interlayer-insu-
lating film; fills metallic films 1n the grooves to form wirings;
ctches the first interlayer-insulating film with the wirings as a
mask and removes the interlayer-insulating film between the
wirings to provide grooves to be filled; and fills a second
interlayer-insulating film made of a matenal of low dielectric
constant 1n the grooves to be filled.

Further, a method of producing a semiconductor device
having a plurality of wiring layers according to the fourth
aspect ol the present invention forms a {irst interlayer-insu-
lating film; forms a plurality of grooves for wiring 1n the first
interlayer-insulating film; fills metallic films 1n the wiring
grooves to form wirings; etches the first interlayer-insulating
f1lm with the wirings as a mask and removes the 1nterlayer-
insulating film between the wirings to provide grooves to be
filled; fills a second 1nterlayer-insulating film made of at least
one msulating {ilm 1n the grooves to be filled, the msulating
film being made of a material selected from the group con-
s1sting of resin having siloxane bonding as a major structure,
resin having C—C bonding as a major structure and a resin
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having C—C bonding as a major structure, and changes the
second 1nterlayer-insulating film into a porous insulating

film.

Moreover, a method of producing a semiconductor device
having a plurality of wiring layers according to the fifth aspect
of the present invention forms a first interlayer-insulating
f1lm; performs dehydrating polymerization to the first inter-
layer-insulating film; forms a plurality of grooves for wiring
in the dehydrating-polymerized first interlayer-insulating
{1lm; fills metallic films 1n the wiring grooves to form wirings;
and applies a solvent to the dehydrating-polymerized first
interlayer-insulating film after the wiring formation.

BRIEF DESCRIPTION OF DRAWINGS

FIGS. 1(a), 1(b) and 1(c) are sectional views each 1llustrat-
ing an anterior process of a method of producing a semicon-
ductor device having a plurality of wiring layers 1n a first
embodiment according to the present invention;

FIGS. 1(d) and 1(e) are sectional views illustrating poste-
rior processes following the process shown in FIG. 1(c¢) for
the method of producing the semiconductor device having the
wiring layers 1n the first embodiment according to the present
imnvention;

FIGS. 2(a), 2(b) and 2(c) are sectional views each 1llustrat-
ing an anterior process of a method of producing a semicon-
ductor device having a plurality of wiring layers 1n a second
embodiment according to the present invention;

FIGS. 2(d), 2(e) and 2(f) are sectional views 1llustrating
posterior processes following the process shown 1n FIG. 2(c¢)
tor the method of producing the semiconductor device having
the wiring layers 1n the second embodiment according to the
present invention;

FIGS. 3(a), 3(b) and 3(c) are sectional views each 1llustrat-
ing an anterior process of a method of producing a semicon-
ductor device having a plurality of wiring layers in a third
embodiment according to the present invention;

FIGS. 3(d), 3(e) and 3(f) are sectional views illustrating,
posterior processes following the process shown in FIG. 3(c¢)
tor the method of producing the semiconductor device having
the wiring layers 1n the third embodiment according to the
present invention;

FIGS. 4(a), 4(b) and 4(c) are sectional views each 1llustrat-
ing an anterior process of a method of producing a semicon-
ductor device having a plurality of wiring layers 1n a fourth
embodiment according to the present invention;

FIGS. 4(d), 4(e) and 4(f) are sectional views 1llustrating
posterior processes following the process shown in FIG. 4(c¢)
tor the method of producing the semiconductor device having
the wiring layers in the fourth embodiment according to the
present invention;

FIGS. 5(a), 5(b) and 5(c¢) are sectional views each 1llustrat-
ing an anterior process of a method of producing a semicon-
ductor device having a plurality of wiring layers in a fifth
embodiment according to the present invention;

FIGS. 5(d), 5(e) and 3(f) are sectional views 1llustrating
posterior processes following the process shown 1n FIG. 5(c¢)
tor the method of producing the semiconductor device having
the wiring layers in the fifth embodiment according to the
present invention;

FIGS. 6(a), 6(b) and 6(c) are sectional views each 1llustrat-
ing an anterior process of a method of producing a semicon-
ductor device having a plurality of wiring layers 1n a sixth
embodiment according to the present invention;

FIGS. 6(d), 6(e) and 6(f) are sectional views 1llustrating
posterior processes following the process shown 1n FIG. 6(c¢)
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4

tor the method of producing the semiconductor device having
the wiring layers 1n the sixth embodiment according to the
present invention;

FIGS. 7(a), 7(b) and 7(c) are sectional views each 1llustrat-
ing an anterior process of a method of producing a semicon-
ductor device having a plurality of wiring layers 1n a seventh
embodiment according to the present invention;

FIGS. 7(d), 7(e) and 7(f) are sectional views 1llustrating,
posterior processes following the process shown 1n FI1G. 7(c¢)
for the method of producing the semiconductor device having
the wiring layers 1n the seventh embodiment according to the
present invention;

FIGS. 8(a), 8(b) and 8(c) are sectional views each 1llustrat-
ing an anterior process ol a method of producing a semicon-
ductor device having a plurality of wiring layers 1n an eighth
embodiment according to the present invention;

FIGS. 8(d), 8(e) and 8(f) are sectional views illustrating
posterior processes Tollowing the process shown 1n FI1G. 8(c¢)
tor the method of producing the semiconductor device having
the wiring layers 1n the eighth embodiment according to the
present invention;

FIGS. 9(a), 9(b) and 9(c) are sectional views each 1llustrat-
ing an anterior process of a method of producing a semicon-
ductor device having a plurality of wiring layers 1n a ninth
embodiment according to the present invention;

FIGS. 9(d), 9(e) and 9(f) are sectional views illustrating
posterior processes following the process shown 1n FI1G. 9(c¢)
tor the method of producing the semiconductor device having
the wiring layers in the ninth embodiment according to the
present invention;

FIG. 10 1s a sectional view showing a semiconductor
device having a plurality of wiring layers 1n a tenth embodi-
ment according to the present invention;

FIG. 11 1s a sectional view showing a semiconductor
device having a plurality of wiring layers in an eleventh
embodiment according to the present invention;

FIG. 12 1s a sectional view showing a semiconductor
device having a plurality of wiring layers in a twelith embodi-
ment according to the present invention;

FIG. 13 1s a sectional view showing a semiconductor
device having a plurality of wiring layers in a thirteenth
embodiment according to the present invention;

FIG. 14 1s a sectional view showing a semiconductor
device having a plurality of wiring layers in a fourteenth
embodiment according to the present invention;

FIG. 15 1s a sectional view showing a semiconductor
device having a plurality of wiring layers in a fifteenth
embodiment according to the present invention;

FIG. 16 1s a sectional view showing a semiconductor
device having a plurality of wiring layers 1n a sixteenth
embodiment according to the present invention;

FIG. 17 1s a sectional view showing a semiconductor
device having a plurality of wiring layers in a seventeenth
embodiment according to the present invention; and

FIG. 18 1s a sectional view showing a semiconductor
device having a plurality of wiring layers in an eighteenth
embodiment according to the present invention.

DETAILED DESCRIPTION OF TH.
EMBODIMENTS

L1

Several embodiments of semiconductor device having a
plurality of wiring layers and method of producing the semi-
conductor device according to the present invention will be
disclosed with reference to the attached drawings.
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First Embodiment

Disclosed first with reference to FIGS. 1(a), 1(b) and 1(c)

1s a method of producing a semiconductor device 1n a {first
embodiment according to the present invention.

As shown 1n FIG. 1(a), an msulating film 2 1s formed on a
semiconductor substrate 1, which will function as an insula-
tive 1solation layer. A first interlayer-insulating film 3, such as
a TEOS film, 1s formed on the msulating film 2. Wiring
grooves (grooves for wiring) are provided 1n the first inter-
layer-insulating film 3 for forming a first wiring layer 6 (in-
cluding a first Cu wiring 3 and a barrier metal film 4) in each
groove.

The barrier metal film 4 1s then formed 1n each groove with
deposition of a TaN film on the groove by sputtering or
chemical vapor deposition (abbreviated to CVD hereinatter)
for prevention of Cu dispersion and oxidation.

The Cu and TaN layers deposited on the device surface
except the grooves are removed by chemical mechanical pol-
ishing (abbreviated to CMP heremaiter) until the first inter-
layer-insulating film 3 1s exposed at the device surface, to
polish the Cu layer 5 for forming the first wiring layer 6.

Next, as shown 1 FIG. 1(b), a second interlayer-insulating
film 7 1s formed on the first interlayer-insulating film 3. The
second 1nterlayer-insulating {ilm 7 1s made of a precursor of a
porous insulating film, an insulating film having siloxane
bonding as a major structure, to form a porous insulating film
of porous methyl siloxane, porous silica, porous hydrogen
silisesquioxane (abbreviated to HS(Q hereinafter), porous
poly arvlene ether (abbreviated to PAE hereinafter) and
porous poly arylene (abbreviated to PA heremafter), etc. In
addition to these matenals, the second interlayer-insulating
film 7 may be made of a resin having C—C or C—C bonding,
a major structure, as a precursor of a porous insulating film.

Next, as shown 1 FIG. 1(c¢), the second interlayer-insulat-
ing film 7 1s annealed at 300° C. for dehydrating polymeriza-
tion. Usually, evaporation of solvent starts at about 200° C.

with dehydrating polymerization at a temperature in the range
from 300 to 450° C.

The first embodiment, however, requires dehydrating poly-
merization at a temperature as low as possible, for example, at
about 300° C. before solvent evaporation. A starting tempera-
ture for dehydrating polymerization 1s lowered in the first
embodiment by annealing the second interlayer-insulating
film 7 1n an NH,-gas ambient or annealing the film 7 during,
for example, electron-beam (EB) 1rradiation.

The reason for annealing at a low temperature 1s to allow
cross linking whereas prevent generation of pores, thus cross
linking only occurring to a part of the second interlayer-
insulating film 7. Pores will be generated at 400° C. or higher
as discussed later. A pore-generating process has to be per-
tormed after there 1s no possibility of harmitul effects to pores
during the process.

A second interlayer-insulating film 7a after dehydrating
polymerization only has not been changed yet into a porous
film while cross linking has only occurred to a part of the
second 1nterlayer-insulating film 7. And, hence permeation of
ctching gas and chemical solution into pores 1s out of consid-
cration at this stage. A precursor of a porous 1sulating film
exhibits a low mechanical strength. The dehydrating poly-
merization, however, generates siloxane bonding among
molecules 1 an insulating film to enhance mechanical
strength for the film. The second interlayer-insulating film 7a
with a high mechanical strength thus enhanced can be pro-
cessed with least damages by reactive 1on etching (abbrevi-
ated to RIE hereinatter).

10

15

20

25

30

35

40

45

50

55

60

65

6

The second interlayer-insulating film 7a subjected to dehy-
drating polymerization 1s processed with lithography and RIE
to provide first contact holes and second wiring grooves
simultaneously, as shown 1n FIG. 1(d).

A TaN layer and then a Cu layer are deposited on the
second 1nterlayer-insulating film 7a, the first contact holes
and the second wiring grooves. Unnecessary Cu and TaN
layers are removed by CMP until the second interlayer-insu-
lating film 7a 1s exposed at the device surface, thus forming a
second wiring layer 10 having a second wiring 9a and a first
plug 9b.

The second interlayer-insulating film 7a subjected to dehy-
drating polymerization 1s further subjected to solvent evapo-
ration at about 400° C. to generate pores therein for the first
time through the processes, thus being changed into a porous
insulating film 75, as shown 1n FIG. 1(e).

As disclosed, the first embodiment performs processing
such as RIE to the second interlayer-insulating film 7a before
generation of pores, thus having no problem of permeation of
ctching gas and chemical solution into the pores.

Second Embodiment

Disclosed next with reference to FIGS. 2(a), 2(b) and 2(c)
and also FIGS. 2(d), 2(e) and 2(f) 1s a method of producing a
semiconductor device 1n a second embodiment according to
the present invention.

The processes for forming the first wiring layer 6 are the
same as shown in FIG. 1(a) for the first embodiment, and
hence not disclosed and shown for brevity.

As shown 1n FIG. 2(a), a second interlayer-insulating film
11 1s deposited on the first interlayer-insulating film 3. In
detail, the second interlayer-insulating film 11 1s formed by
CVD to deposit a specific msulating film on the {first inter-
layer-insulating film 3. The specific insulating film 1s a tetra
cthyl ortho silicate (abbreviated to TEOS hereinafter) film, a
non-doped silicate glass (abbreviated to NSG hereinafter)
film and fluorine-doped silicate glass (abbreviated to FSG
hereinafter) film, etc.

Or, the second interlayer-insulating film 11 can be formed
by applying another specific insulating film on the first inter-
layer-insulating film 3. The other specific insulating film 1s an
HSQ film, a polymethyl siloxane film and methyl silsesqui-
oxane (abbreviated to MSQ hereinatter), etc.

Next, as shown 1n FIG. 2(5), the second interlayer-insulat-
ing film 11 1s processed with lithography and RIE to provide
first contact holes and second wiring grooves simultaneously.

A TaN layer and then a Cu layer are deposited on the
second 1nterlayer-insulating film 11, the first contact holes
and the second wiring grooves. Unnecessary Cu and TaN
layers are removed by CMP until the second interlayer-insu-
lating film 11 1s exposed at the device surface, thus forming
the second wiring layer 10 having the second wiring 9a and
the first plug 95. The second interlayer-insulating film 11 1s a
TEOS film.

Next, as shown 1n FIG. 2(c¢), the second interlayer-insulat-
ing film 11 1s removed by RIE with the second wiring 9q as a
mask. Removal of the second interlayer-insulating film 11
will, however, halt before the first interlayer-insulating film 3
1s exposed at the device surface, for protection of the film 3.
The second interlayer-insulating film 11 may be removed
after an insulating film, such as an SiN film, 1s formed on the
second wiring 9a for protecting the wiring 9a against dam-
ages which may otherwise occur when 1t 1s used as the RIE
mask.

Next, as shown 1n FIG. 2(d), a third interlayer-insulating
film 12 1s deposited on the second interlayer-insulating film
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11 and the second wiring 9a. The third interlayer-insulating
film 12 1s made of a precursor of a porous msulating film, an
insulating film having siloxane bonding as a major structure,
to form a porous insulating film of porous methyl siloxane,
porous silica, porous HSQ, porous PAE and porous PA, etc. In
addition to these materials, the third interlayer-insulating film
12 may be made of a resin having C—C or C—C bonding, a
major structure, as a precursor of a porous insulating film.

Next, as shown in FI1G. 2(e), a thermal process 1s performed
at a temperature in the range from 300 to 450° C. for promot-
ing dehydrating polymerization and also for solvent evapo-
ration, to change the third interlayer-insulating film 12 into a
porous insulating film 12 having many pores.

The porous insulating film 12a changed from the third
interlayer-insulating film 12 1s polished and removed to tlat-
ten the device surface by CMP until the second interlayer-
insulating film 10 1s exposed at the device surface, as shown

in FIG. 2(f).

The process of flattening the third interlayer-insulating
f1lm may be performed to the third interlayer-insulating film
12 before the thermal process or to the porous msulating film
12a after the thermal process. In detail, the third interlayer-
insulating film 12 may be flattened just after deposited 1n FIG.
2(d), as being made of the precursor of the porous msulating
film. And, then the porous insulating film 124 may be formed
by dehydrating polymerization and solvent evaporation to the
flattened third interlayer-insulating film 12.

This modification to the second embodiment forms the
porous insulating film after the second wiring 10 has been
formed, thus requiring no processes such as lithography and
RIE to the porous msulating film, hence causing no damages
and harmiul effects to the porous insulating film.

Low-dielectric-constant insulating films such as porous
insulating films could suffer cracks, etc., due to their low
mechanical strength, against stresses applied 1n a vertical
direction (a direction almost orthogonal to the horizontal
plane of the insulating films during packaging process such as
bonding.

As disclosed, the second embodiment forms the second
insulating film 11 of mechanical strength relatively higher
than those of low dielectric constant under the second wiring,
94, to enhance relative mechanical strength for the interlayer-
insulating film for avoiding adverse effects such as cracks.

Third Embodiment

Disclosed next with reference to FIGS. 3(a), 3(b) and 3(c)
and also FIGS. 3(d), 3(e) and 3(f) 1s a method of producing a
semiconductor device 1n a third embodiment according to the
present invention.

As shown 1n FIG. 3(a), the msulating film 2 1s formed on
the semiconductor substrate 1, which will function as an
insulative 1solation layer. The first interlayer-insulating film 3
1s formed on the msulating film 2. Wiring grooves are pro-
vided 1n the first interlayer-insulating film 3 for forming the
first wiring layer 6 (including the first Cu wiring 5 and the
barrier metal film 4) 1n each groove.

A TaN film and then a Cu layer are deposited on the grooves
for prevention of Cu dispersion and oxidation. Unnecessary
Cu layer and TaN film are polished and removed by CMP
until the first interlayer-insulating film 3 1s exposed at the
device surface.

A barrier insulating film 13 as a barrier film 1s formed on
the first interlayer-insulating film 3. The barrier insulating,
f1lm 13 protects the first Cu wiring against Cu dispersion and
oxidation, and also the first interlayer-insulating film against
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any effects which may otherwise be caused due to formation
of upper interlayer-insulating films in later processes.

Next, as shown 1n FI1G. 3(b), the second interlayer-insulat-
ing film 11 1s deposited on the barrier insulating film 13. Like
the second embodiment, the second interlayer-insulating film
11 1s formed by CVD to deposita TEOS film, etc., or applying
HSQ on the barrier mnsulating film 13.

The second interlayer-insulating film 11 and the barrier
insulating film 13 are processed with lithography and RIE to
provide the first contact holes and the second wiring grooves
simultaneously.

A TaN layer and then a Cu layer are deposited on the
second interlayer-insulating film 11, the first contact holes
and the second wiring grooves. Unnecessary Cu and TalN
layers are removed by CMP until the second interlayer-insu-
lating film 11 1s exposed at the device surface, thus forming
the second wiring layer 10 having the second wiring 9a and
the first plug 9.

Next, as shown 1n FIG. 3(c¢), the second interlayer-insulat-
ing film 11 1s removed by RIE with the second wiring 9q as a
mask until the barrier mnsulating film 13 1s exposed at the
device surface. The second interlayer-insulating film 11 may
be removed after an insulating film, such as an SiN film, 1s
formed on the second wiring 9a for protecting the wiring 9a,
like the second embodiment.

Next, as shown 1n FIG. 3(d), the third interlayer-insulating
film 12 1s deposited on the barrier insulating film 13 and the
second wiring 9a. The third interlayer-insulating film 12 1s
made of a precursor of a porous insulating film, such as
porous methyl siloxane, like the second embodiment.

Next, as shown in FIG. 3(e), athermal process 1s performed
at a temperature 1n the range from 300 to 450° C. for promot-
ing dehydrating polymerization and also for solvent evapo-
ration, to change the third interlayer-insulating film 12 into
the porous 1nsulating film 124 having many pores, like the
second embodiment.

The porous insulating film 12a changed from the third
interlayer-insulating film 12 1s polished and removed to flat-
ten the device surface by CMP until the second interlayer-
insulating film 10 1s exposed at the device surface, as shown
in FI1G. 3(/).

The process of tlattening the porous 1nsulating film 124 as
the third interlayer-insulating film may be performed to the
third film before changed into the porous insulating film 12a.
In detail, the third interlayer-insulating film 12 may be flat-
tened just after deposited in FIG. 3(d), as being made of the
precursor of the porous insulating film. And, then the porous
insulating film 12q may be formed by dehydrating polymer-
ization and solvent evaporation to the flattened third inter-
layer-insulating {ilm 12.

[1ike the second embodiment, the third embodiment forms
the porous insulating film after the second wiring 10 has been
formed, thus requiring no processes such as lithography and
RIE to the porous insulating film, hence causing no damages
and harmitul effects to the porous insulating film.

Fourth Embodiment

Disclosed next with reference to FIGS. 4(a), 4(b) and 4(c)
and also FIGS. 4(d), 4(e) and 4(f) 1s a method of producing a
semiconductor device 1n a fourth embodiment according to
the present invention.

The processes for forming the first wiring layer 6 are the
same as shown in FIG. 1(a) 1n the first embodiment, and
hence not disclosed and shown for brevity.

As shown 1n FIG. 4(a), a second interlayer-insulating film
14 1s deposited on the first interlayer-insulating film 3. The
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second interlayer-insulating film 14 1s formed by CVD with a
TEOS film, etc., or applying HSQ, like the second and third

embodiments.

Next, as shown 1n FIG. 4(b), the second interlayer-insulat-
ing film 14, a barrier film 15 and a third interlayer-insulating
film 16 are processed with lithography and RIE to provide
first contact holes and second wiring grooves.

A TaN layer and then a Cu layer are deposited on the first
contact holes and the second wiring grooves. Unnecessary Cu
and TaN layers are removed by CMP, thus forming the second
wiring layer 10 having the second wiring 94 and the first plug,
95.

Next, as shown 1n FIG. 4(c¢), the third interlayer-insulating
film 16 1s removed by RIE until the barrier film 15 1s exposed
at the device surface. Like the first and second embodiments,
the second interlayer-insulating film 14 can be protected by
removing the third interlayer-insulating film by CMP after an
insulating film, such as an SiN film, 1s formed on the second
interlayer-insulating film 14.

Next, as shown 1n FIG. 4(d), a fourth interlayer-insulating
film 17 1s deposited on the barrier film 15 and the second
interlayer-insulating film 14. The fourth interlayer-insulating
f1lm 17 1s made of a precursor of a porous msulating film, such
as porous methyl siloxane.

Next, as shown in FI1G. 4(e), a thermal process 1s performed
at a temperature 1n the range from 300 to 450° C. for promot-
ing dehydrating polymerization and also for solvent evapo-
ration, to change the fourth interlayer-insulating film 17 into
a porous insulating film 174 having many pores.

The porous insulating film 17a as the fourth interlayer-
insulating film 17 1s polished and removed to flatten the
device surtace by CMP until the second wiring 9a 1s exposed
at the device surface, as shown in FIG. 4(/).

The process of flattening the porous msulating film 17a as
the fourth interlayer-insulating film may be performed before
the thermal process to form the porous 1nsulating film 17a. In
detail, the fourth interlayer-insulating film 17 may be flat-
tened just after deposited 1n FIG. 4(d), as being made of the
precursor of the porous 1nsulating film. And, then the porous
insulating film 17aq may be formed by dehydrating polymer-
ization and solvent evaporation to the flattened fourth inter-
layer-insulating film 17.

[ike the first and second embodiments, the fourth embodi-
ment forms the porous insulating film after the second wiring
10 has been formed, thus requiring no processes such as
lithography and RIE to the porous insulating film, hence
causing no damages to the porous insulating film.

Moreover, the fourth embodiment provides the insulating
f1lm, of higher mechanical strength than the porous insulating
film, between the first wiring 6 and the second wiring 9a,
hence achieving an excellent device property against verti-
cally applied stresses.

In the foregoing, a porous insulating film 1s used for the
second interlayer-insulating film 1n the first embodiment, the
third interlayer-insulating film in the second and third

embodiments and also the fourth interlayer-insulating film 1n
the fourth embodiment.

Not only that, however, the present invention can use an
organic material-applied imsulating film such as methyl silox-
ane for those interlayer-insulating films, instead of a porous
insulating film.

Fifth E

Embodiment

Disclosed next with reference to FIGS. 5(a), 3(b) and 5(c¢)
and also FIGS. 5(d), 3(e) and 5(f) 1s a method of producing a

10

15

20

25

30

35

40

45

50

55

60

65

10

semiconductor device having a plurality of wiring layers in a
fifth embodiment according to the present invention.

The production method 1 the fifth embodiment corre-
sponds to the fourth embodiment providing the barrier film 15
with additional processes of removing the second interlayer-
insulating film 11 with the second wiring 94 as amask by RIE
until the barrier msulating film 13 1s exposed at the device
surface, like the third embodiment.

[ike the second and third embodiments, the fifth embodi-
ment protects the second wiring 9a by removing the second
interlayer-insulating film 11 after an msulating film of SiN,
etc., 1s formed on the wiring 9a. Therefore, the processes 1n
FIGS. 5(a) and 5(b) correspond to those 1n FIGS. 4(a) and
4(b), respectively.

The fifth embodiment employs an etchant different from
the one used 1n the fourth embodiment for etching the device
surface to reach the upper surfaces of the first interlayer-
insulating film 3 and the first wiring 5, the remaining un-
etched portion corresponding to the widths of the wiring 9 and
the metal 8.

The posterior processes shown 1n FIGS. 5(d), 5(e) and 5(f)
correspond to those i FIGS. 3(d), 3(e) and 3(f) for the third
embodiment, and hence the disclosure being omitted for
brevity.

Sixth to Ninth Embodiments

The methods of producing a semiconductor device having
a plurality of wiring layers 1n the second to fifth embodiments
olffer no protection against etching on the second wiring 9 and
the barrier metal 8.

Not only these embodiments, the present nvention
employs a cap layer 18 to protect the second wiring 9 and the
barrier metal 8 against etching according to sixth to ninth
embodiments shown in FIGS. 6(a), 6(b) and 6(c) to 6(f). The
s1xth to ninth embodiments correspond to the second to fifth
embodiments, respectively. In the sixth to ninth embodi-
ments, the cap layer 18 remains on the second wiring 9
1NC udmg the barrier metal 8 for the posterior processes.

The sixth embodiment shown 1n FIGS. 6(a), 6(b) and 6(c),
and 6(d), 6(e) and 6(f) correspond to the second embodiment
shown 1n FIGS. 2(a), 2(b) and 2(c¢), and 2(d), 2(e) and 2(/).
The sixth embodiment forms the cap layer 18 as an etching
mask by lithography and etching as shown 1n FIG. 6(b) after
the processes corresponding to those shown 1n FIGS. 2(a) and
2(b).

The cap layer 18 may be a CVD-SiN {ilm or an S1C film,
which 1s a hard mask functioning to protect the wiring 9
against etching damages. The cap layer 18 remains on the
wiring 9 for the posterior processes, which will be buried
during integration, thus requiring no peeling-oif process, for
example.

The seventh embodiment shown 1n FIGS. 7(a), 7(b) and
7(c), and 7(d), 7(e) and 7(f) correspond to the third embodi-
ment shown in FIGS. 3(a), 3(b) and 3(¢), and 3(d), 3(e) and
3(/). The seventh embodiment forms the cap layer 18 as an
ctching mask by lithography and etching as shown in FIG.
7(b) after the processes corresponding to those shown 1n
FIGS. 3(a) and 3(b). The function of the cap layer 18 and the
following processes are evident from the disclosure in the
s1xth embodiment.

The eighth embodiment shown i FIGS. 8(a), 8(b) and
8(c), and 8(d), 8(e) and 8(f) correspond to the fourth embodi-
ment shown in FIGS. 4(a), 4(b) and 4(¢), and 4(d), 4(e) and
4(f). The eighth embodiment forms the cap layer 18 as an
ctching mask by lithography and etching as shown 1n FIG.
8(b) after the processes corresponding to those shown 1n
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FIGS. 4(a) and 4(5). The function of the cap layer 18 and the
following processes are evident from the disclosure 1n the
sixth embodiment.

The ninth embodiment shown 1n FIGS. 9(a), 9(b) and 9(¢),
and 9(d), 9(e) and 9(f) correspond to the fifth embodiment
shown 1n FIGS. 5(a), 53(b) and 5(c¢), and 5(d), 5(e) and 5(/).
The ninth embodiment forms the cap layer 18 as an etching
mask by lithography and etching as shown 1n FIG. 9(b) after
the processes corresponding to those shown in FIGS. 5(a) and
5(b). The function of the cap layer 18 and the following
processes are evident from the disclosure 1n the sixth embodi-
ment.

The first to ninth embodiments for the methods of produc-
ing semiconductor device focus on the processes for the sec-
ond wiring-layer structure. Not only that, however, the first to
ninth embodiments can be applied to the first wiring-layer
structure and also the third wiring-layer structure or more, for
achieving multi-layered wiring structure having low-dielec-
tric-constant insulating films by laminating wiring layers
cach made according to the present invention.

Tenth to Fighteenth Embodiments

Shown 1 FIGS. 10 to 18 are several representatives of
semiconductor devices according to the tenth to eighteenth
embodiments. These semiconductor devices can be produced
by a person skilled 1n the art by applying the methods of the
first to ninth embodiments to layer lamination.

These embodiments show a three-layer wiring structure as
a modification of multi-layered wiring structure to the two-
layer structure in the first to ninth embodiments. The tenth
embodiment corresponds to the first embodiment. The elev-
enth to eighteenth embodiments correspond to the second to
ninth embodiments, respectively.

In detail, there 1s the basic construction according to the
tenth through eighteenth embodiments, as shown 1n FIG. 10,
in which the semiconductor device comprises a first insulat-
ing {ilm 3 which 1s firstly formed in layer; a plurality of first
wirings 5 formed on the first msulating film 3; a second
insulating film 75 which 1s formed on the first wirings 5 and
first insulating {ilm 3; a plurality of second wirings 9a formed
on the second insulating film 75; a first plug 96 connecting
several wirings of the first and second wirings 5 and 9a,
formed 1n the second msulating film 75; a third insulating film
20 which 1s formed on the second wirings 9a and second
insulating film 75; a plurality of third wirings 194 formed on
the third insulating film 20; and a second plug 195 connecting
several wirings of the second and third wirings 94 and 194,
formed 1n the third msulating film 20.

Moreover, although not shown, the present invention 1s
applied to an n-th-layer wiring structure (n being an integer of
four or more) as a further modification to the two-layer struc-
ture.

In detail, a semiconductor device having n-th-layer wiring,
structure may have the following elements: a first insulating
film firstly formed 1n layer; a first wiring layer having a
plurality of wirings, formed on the first insulating film; a
second wiring layer having a plurality of wirings, formed on
or over the first wiring layer; a second insulating film pro-
vided on the first msulating film formed as having a plane
surface and the first wiring layer, and formed between adja-
cent wirings ol the second wiring layer, located under the
second wiring layer but on the first insulating film and the first
wiring layer, at least a part of the second insulating film
existing between the first and second wiring layers having a
relative dielectric constant lower than a relative dielectric
constant of the first insulating film; an (n-1)-th wiring layer
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having a plurality of wirings, formed on or over the second
wiring layer; an (n—1)-th insulating film provided on or over
the second insulating film formed as having a plane surface
and the second wiring layer, and formed between adjacent
wirings of the (n-1)-th wiring layer, located under the (n-1)-
th wiring layer but over the second insulating film and the
second wiring layer, at least a part of the (n-1)-th insulating
f1lm existing between the second and (n-1)-th wiring layers
having a relative dielectric constant lower than a relative
dielectric constant of the second nsulating film; an n-th wir-
ing layer having a plurality of wirings, formed on or over the
(n—1)-th wiring layer; a low-dielectric-constant insulating
film provided on the (n-1)-th msulating film formed as hav-
ing a plane surface and the (n-1)-th wiring layer, and formed
between adjacent wirings of the n-th wiring layer, located
under the n-th wiring layer but on the (n—1)-th insulating film
and the (n-1)-th wiring layer, at least a part of the low-
dielectric-constant 1nsulating film existing between the
(n—1)-th and n-th wiring layers having a relative dielectric
constant lower than a relative dielectric constant of the (n—1)-
th insulating film.

The first to eighteenth embodiments employ Cu as a wiring,
metal material. In the present invention, however, Al, Au, Ag
and W, etc., can be used as a wiring metal material instead of
Cu.

It 1s further understood by those skilled 1n the art that the
foregoing descriptions are embodiments of the disclosed
devices and methods for producing the devices and the vari-
ous changes and modifications may be made in the invention
without departing from the sprit and the scope of the invention
as hereinafter claimed.

As disclosed 1n detail, the invention of the semiconductor
device and the method of producing the semiconductor
device offers several types of multi-layered wiring structures
with no processes such as RIE to interlayer-insulating films
made of an 1nsulating film of a low dielectric constant, such as
an organic material-applied insulating film and a porous 1nsu-
lating film, thus achieving excellent devices properties with
low dielectric constant.

What 1s claimed 1s:
1. A method of producing a semiconductor device includ-

ing a plurality of wiring layers, comprising:
forming a first interlayer-insulating film;
forming a plurality of first grooves for wiring in the first

interlayer-insulating film;

forming a first wiring layer by filling metallic films in the

first grooves for wiring;

polishing and removing upper surfaces of the first wiring

layer and the first interlayer-insulating film to flatten the
upper surfaces thereof;

forming a second interlayer-insulating film on flattened
upper surfaces of the first wiring layer and the first
interlayer-insulating film;

forming a barrier insulating film on the second interlayer-
insulating film;

forming a third interlayer-insulating film on the barrier
insulating film;

ctching the second interlayer-insulating film, the barrier
insulating film, and the third interlayer-insulating film
and removing a portion of the second interlayer-insulat-
ing film, the barrier msulating film, and the third inter-
layer-insulating film to provide a first contact hole and a
second groove for wiring;

forming a second wiring layer including a wiring and plug,
by filling metallic films 1n the first contact hole and the
second groove for wiring;
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removing the third interlayer-insulating film to expose the
barrier insulating film and the second interlayer-insulat-
ing film;

depositing a fourth interlayer-insulating film on the barrier
insulating film and the second interlayer-insulating film
being exposed;

performing a thermal process to the fourth interlayer-insu-
lating film at a predetermined temperature to promote
dehydrating polymerization and solvent evaporation to

generate pores in the fourth iterlayer-insulating film so
as to form a porous insulating film; and

polishing and removing an upper surface of the fourth

interlayer-insulating film to flatten the upper surface
thereol.

2. The method of producing a semiconductor device

according to claim 1,

wherein the dehydrating polymerization i1s achieved by
annealing at a temperature 1n a range from 300 to 450°
C., or as low as possible for the thermal process.

3. The method of producing a semiconductor device

according to claim 1,

wherein the dehydrating polymerization 1s achieved by
annealing 1n an NH3-gas ambient or with electron-beam
irradiation.
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4. The method of producing a semiconductor device

according to claim 1,

turther comprising, aiter forming the second wiring layer
including the wiring and plug by filling the metallic
films 1n the first contact hole and the second groove for
wiring:

polishing and removing upper surfaces of the second wir-
ing layer and the second interlayer-insulating film to
tflatten the upper surtaces thereof; and

forming a cap layer as a mask for etching 1n a next process
on a top of the second wiring layer.

5. The method of producing a semiconductor device

according to claim 1,

wherein the predetermined temperature for the solvent
evaporation 1s 400° C.
6. The method of producing a semiconductor device

according to claim 1,

wherein the second interlayer-insulating {ilm 1s made of at
least one msulating film 1n the second groove for wiring,
the msulating film being made of a material selected
from a group consisting of: resin having siloxane bond-
ing as a major structure, resin having C—C bonding as a
major structure, or a resin having C—C bonding as a
major structure.
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